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In Brief
In this study, Lorkovi c et al. analyzed the ATM-dependent phosphorylation of histone variants H2A.W.7 and H2A.X and their role in DNA damage response (DDR). They show that both are required for efficient DDR, but at distinct genomic locations, H2A.X primarily in euchromatin and H2A.W.7 in condensed heterochromatin.
SUMMARY
DNA double-strand break (DSB) repair depends on the ataxia telangiectasia mutated (ATM) kinase that phosphorylates the conserved C-terminal SQ motif present in the histone variant H2A.X [1] [2] [3] [4] [5] [6] [7] . In constitutive heterochromatin of mammals, DSB repair is delayed and relies on phosphorylation of the proteins HP1 and KAP1 by ATM [2, [8] [9] [10] [11] [12] [13] [14] . However, KAP1 is not conserved in plants and the HP1-related protein Like-HP1 (LHP1) is not localized at constitutive heterochromatin [15] , suggesting that in plants, alternative mechanisms could be responsible for repair of DSBs in heterochromatin. In Arabidopsis, constitutive heterochromatin is marked by H3K9 methylation and the plant-specific histone variants H2A.W, which are distinguished by their C-terminal motif KSPKK and required for heterochromatin compaction [16] [17] [18] . We report that the Arabidopsis histone variant H2A.W.7 is confined to heterochromatin and carries a SQ motif that is phosphorylated by ATM. In response to DNA damage, phosphorylation of H2A.W.7 takes place in heterochromatin, while H2A.X phosphorylation takes place primarily in euchromatin. We propose that H2A.W.7 evolved in addition to H2A.X to facilitate DNA damage response in highly condensed heterochromatin, thus playing a role similar to KAP1 and HP1 phosphorylation in mammals. These data support the idea of the functional diversification of histone variants and their role in spatial compartmentalization of chromatinrelated functions in eukaryotes.
RESULTS AND DISCUSSION
Heterochromatic Histone Variant H2A.W.7 Is Required for DNA Damage Response The three members of the Arabidopsis H2A.W family show relatively low sequence conservation in their N-and C-terminal tails ( Figure 1A ) [16, 17] . We identified that bona fide H2A.X with a C-terminal SQ motif coexists with the variant H2A.W.7 that carries both a C-terminal SQ motif and a KSPKK motif defining plant-specific H2A.W variants ( Figure 1A) . In a previous phosphoproteomic screen performed in Arabidopsis, we identified the C-terminal serine 135 of H2A.W.7 as one of the most strongly phosphorylated residues upon gamma irradiation [19] . This serine residue is embedded in a consensus phosphorylation site of ataxia telangiectasia mutated (ATM) and ATM-and Rad3-related (ATR) kinases (S/TQ), strongly suggesting that H2A.W.7 is a direct target of ATM or ATR following genotoxic stress [19] . This site is not present in the other two Arabidopsis H2A.W variants ( Figure 1A ). We also identified H2A.W variants with an SQ motif among Brassicaceae, other families of angiosperms, and the gymnosperms Gnetum gnemon and Ginkgo biloba ( Figure S1A ), suggesting functional diversification of H2A.W among seed plants. We obtained antibodies that specifically recognize the H2A.W.7 N terminus ( Figure S1B ) and compared the distribution of H2A.W.7 with H2A.X in Arabidopsis nuclei. H2A.W.7 is primarily localized in constitutive pericentromeric heterochromatin that is densely packed into chromocenters (Figure S1C ) as reported previously for H2A.W.7-RFP fusion proteins [16] . By contrast, H2A.X appears relatively depleted over chromocenters and is primarily detected in euchromatin ( Figure S1C ). Co-immunostaining and quantification of H2A.W.7 and H2A.X signals further support that to a large extent these variants do not occupy the same chromatin regions ( Figures 1B and S1D ). To investigate whether the two variants coexist within the same nucleosome, we obtained mononuclesomes by MNase digestion ( Figure 1C ). Immunoprecipitation of H2A.W.7 and H2A.X revealed only homotypic H2A.W.7 and H2A.X nucleosomes ( Figure 1C ). We concluded that these two variants form homotypic nucleosomes that occupy distinct genomic regions.
The SQEF motif of Arabidopsis H2A.X is phosphorylated in response to DNA damage [19] [20] [21] , suggesting conservation of H2A.X function in DNA damage response (DDR). Arabidopsis encodes two H2A.X variants, H2A.X.3 and H2A.X.5 [22] , previously termed H2A.Xb and H2A.Xa, respectively [21] . Partial depletion of both variants by artificial miRNA resulted in weak sensitivity to DNA damage [20] . Therefore, to establish a direct role for H2A.X in DDR, and to find out whether H2A.W.7 also plays a role in DDR, we obtained and analyzed h2a.x.3, h2a.x.5, and h2a.w.7 single, double, and triple mutants. These plants did not show any obvious phenotype when grown under normal conditions ( Figure S1E ) unlike plants deficient for H2A.Z [23] and H2A.W [16] variants. However, true leaf development and root growth assays [24] showed that each single mutant displayed a similar degree of sensitivity to DNA damaging agents bleomycin and zeocin ( Figures 1D and S1F) . The h2a.x double mutant showed higher sensitivity than each single mutant, demonstrating that the variants H2A.X.3 and H2A.X.5 act redundantly in DDR and that the role of H2A.X in response to DNA damage is conserved in Arabidopsis. The single h2a.w.7 mutant also displayed sensitivity toward the applied genotoxic agents ( Figures  1D and S1F ) in contrast to the h2a.w.6 mutant ( Figure S1G ). The triple mutant deprived of both H2A.X variants and H2A.W.7 did not show a more severe phenotype than the h2a.x double mutant. Collectively, these results show that all three histone variants contribute to DDR and act within the same genetic pathway.
H2A.W.7 Is Phosphorylated in Response to DNA Damage in an ATM-Dependent Manner We generated specific polyclonal antibodies directed against the phosphorylated sites identified in H2A.W.7 and H2A.X ( Figures S2A-S2C ). In wild-type (WT) seedlings, bleomycin treatment induced phosphorylation of H2A.X (gH2A.X) and H2A.W.7 (gH2A.W.7) in a time- (Figure 2A ) and dose- (Figure 2B ) dependent manner. Treatment with zeocin had a similar effect ( Figure S2D ). Transcription of the DDR genes RAD51, BRCA1, and CYCB1;1 was strongly induced after bleomycin and zeocin treatment ( Figures S2B, S2D , and S2E), in line with previous reports [25] [26] [27] , confirming the efficiency of our treatments.
We investigated the importance of serine 135 phosphorylation of H2A.W.7 in DDR by expressing WT or hypomorphic alleles of H2A.W.7 carrying either a phospho-mimicking (aspartic acid) or non-phosphorylatable (alanine) residue at position 135 in the h2a.w.7 mutant background ( Figures 2C and  S2F ). The sensitivity of h2a.w.7 to DNA damage was complemented by WT H2A.W.7, but not by the mutant proteins ( Figure 2D ). As both the phospho-mimicking and the nonphosphorylatable mutant proteins failed to complement the h2a.w.7 mutant phenotype, we conclude that dynamic and well-coordinated phosphorylation and de-phosphorylation events at serine 135 are required for proper function of H2A.W.7 during DDR.
In animals and yeast, H2A.X is phosphorylated not only by the ATM kinase, but also by the ATR kinase, which acts in response to stalled replication forks [3] . A minor participation of ATR in H2A.X phosphorylation has been detected in Arabidopsis after gamma-irradiation [21, 28] . After bleomycin treatment, phosphorylation of H2A.X was primarily dependent on ATM and not on ATR ( Figure 2E ). Similarly, phosphorylation of H2A.W.7 was detected in WT and atr mutant plants, but not in atm mutant plants ( Figure 2E ), indicating that ATM is the major kinase that Conserved KSPKK and SQEF motifs of H2A.W and H2A.X variants are highlighted. The peptide sequence of H2A.W.7, identified in a phosphoproteomic screen [19] , is indicated in the red box with the phosphorylated SQ residues in red. The H2A.W.6 and H2A.W.7 peptides used to obtain variant-specific antibodies are boxed in blue. (B) Localization of H2A.W.7 and H2A.X in nuclei isolated from an h2a.w.7 mutant expressing H2A.W.7-HA. Note that there is co-localization of both variants in chromocenters, but not in the nucleoplasm. The graph on the right represents quantified levels (mean fluorescence intensities) of H2A.W.7 and H2A.X over chromocenters. Data are represented as means ± SD with n = 48 nuclei. The p value was determined by a two-tailed Student's t test. See also Figure S1D for details. (C) Immunoprecipitation of H2A.W.7 and H2A.X from WT leaf nuclei digested with MNase. On the right is a profile of DNA isolated from an input extract demonstrating that most of the chromatin used for immunoprecipitation was digested to mononucleosomes. (D) Sensitivity of WT and h2a.w.7, h2a.x, and indicated double and triple mutant lines to zeocin determined by true leaf development assay. Seeds were germinated on MS plates containing 50 mg/mL of zeocin, and true leaves were scored 10 days after germination. Data are represented as means ± SD of two independent experiments with n = 150 seedlings. For confocal images, the scale bar represents 4 mm. See also Figure S1 .
phosphorylates H2A.W.7 and H2A.X under conditions of genotoxic stress elicited by bleomycin.
To address potential cross-talk between phosphorylation of H2A.W.7 and H2A.X in response to double-strand breaks (DSBs), we analyzed h2a.x.3, h2a.x.5, and h2a.w.7 single, double, and triple mutants. After bleomycin treatment, levels of gH2A.W.7 were not altered in h2a.x single or double mutants compared to WT (Figures 2F and S2B) . Similarly, gH2A.X levels were not altered in h2a.w.7 mutants compared to WT ( Figures  2F and S2B) . The h2a.x.3 and h2a.x.5 mutations alone or in combination with h2a.w.7 consistently revealed lower and similar levels of gH2A.X signals ( Figure 2F ), correlating with the lower levels of total H2A.X protein in these genetic backgrounds (Figure 2F ). These results demonstrate that H2A.X and H2A.W.7 phosphorylation events are independent of each other, which, together with their largely non-overlapping localization (Figures 1B, S1C, and S1D), suggests that H2A.X and H2A.W.7 act in parallel in DDR, the former predominantly in euchromatin and the latter in heterochromatin.
H2A.W.7 Is Present in Pericentromeric Heterochromatin and in Heterochromatic Islands in Euchromatin
Co-localization studies showed largely overlapping patterns of H2A.W.6 and H2A.W.7 in chromocenters ( Figure 3A ). In addition, small non-overlapping patches of either H2A.W.6 or H2A.W.7 are scattered across nuclei ( Figure 3A) , suggesting that these two variants also occupy distinct genomic regions. We also found that only a small proportion of precipitated H2A.W.6 mononucleosomes contain H2A.W.7 and vice versa ( Figure 3B ), further suggesting that the two variants occupy distinct locations. We deep sequenced the precipitated nucleosomal DNA to obtain high-resolution genome-wide distribution profiles of these two variants. Consistent with immunostaining ( Figure 3A) , we found both proteins strongly enriched over pericentromeric heterochromatin ( Figures 3C and S3) . Over heterochromatic regions enriched in H3K9me2 [16] , we observed similar levels of H2A.W.6 and H2A.W.7 ( Figure 3D ). However, detailed examination of H2A.W.7 and H2A.W.6 profiles revealed that H2A.W.6 is more enriched over pericentromeric heterochromatin, whereas H2A.W.7 is more associated with chromosome arms in close proximity to protein coding genes ( Figures 3E and 3F) . We selected H2A.W.7-enriched regions and plotted averaged values of H2A.W.6 over them. We observed a similar enrichment of H2A.W.6 and H2A.W.7 in pericentromeric heterochromatin ( Figure 3G ), while H2A.W.7 enrichment was much higher over short heterochromatic regions on chromosome arms ( Figure 3H ). Together, our data demonstrate that the histone variants H2A.W.6 and H2A.W.7 occupy overlapping and distinct heterochromatic regions. We conclude that H2A.W.7 performs a unique function in heterochromatin-associated DDR that is not shared with other H2A.W variants in Arabidopsis. WT seedlings were treated with 20 mg/mL of bleomycin for the indicated times, and nuclear extracts were analyzed by western blotting with antibodies directed against phosphorylated H2A.W.7 and H2A.X (gH2A.W.7 and gH2A.X).
(B) Dose-dependent phosphorylation of H2A.W.7 and H2A.X. WT seedlings were treated for 2 hr with the indicated concentrations of bleomycin, and nuclear extracts were analyzed by western blotting with antibodies directed against gH2A.W.7 and gH2A.X. (C) Sequence of H2A.W.7 C-terminal tail with serine to alanine (S135A) and serine to aspartate (S135D) mutations (boxed). (D) The SQ motif of H2A.W.7 is required for response to DNA damage. Sensitivity of h2a.w.7 mutants expressing WT H2A.W.7 or S135A and S135D mutant proteins to genotoxic stress were determined by true leaf development assay in the presence of 50 mg/mL of zeocin and scored 10 days after germination. For each construct, two independent T3 transgenic lines were used. Data are represented as means ± SD of two independent experiments with n = 120 seedlings. (E) H2A.W.7 and H2A.X phosphorylation depends on ATM, but not ATR. Phosphorylation of H2A.W.7 and H2A.X was analyzed in seedlings from WT, atm, and atr mutant lines treated with or without bleomycin (20 mg/mL) for 2 hr. (F) Phosphorylation of H2A.W.7 in response to DNA damage is independent of H2A.X. Seedlings from WT and h2a.w.7, h2a.x.3, h2a.x.5 single, double, and triple mutant lines were treated for 2 hr with bleomycin, and nuclei were extracted and analyzed by western blotting using antibodies against gH2A.W.7 and gH2A.X. In (A), (B), (E), and (F), western blots with antibodies against histone H3 and non-modified H2A.W.7 and H2A.X were used as loading controls. The latter two also confirm the corresponding mutant genotypes shown in (F). Note that the antibody against H2A.X recognizes the identical epitopes on both H2A.X.3 and H2A.X.5, and as a consequence we were able to report only global levels of H2A.X in single h2a.x mutants. See also Figure S2 .
Kinetics of gH2A.X and gH2A.W.7 in Response to DNA Damage In response to DNA damage in metazoa and plants, gH2A.X decorates sites of DSBs as discrete gH2A.X foci, which are widely used to monitor DSB formation and repair [4, 6, 29, 30] . In order to study the location and dynamics of H2A.X and H2A.W.7 phosphorylation during DDR, we used phospho-specific antibodies ( Figures S2A-S2C ) to analyze and quantify the distribution of gH2A.W.7 and gH2A.X after bleomycin treatment using immunofluorescence. Pericentric heterochromatin, which is condensed as chromocenters, represents 23% of the genome. Based on the genome-wide distribution of H2A.X [16] (and this work) and H2A.W.7 (this work), we expected to find 15% gH2A.X and 70% gH2A.W.7 foci associated with chromocenters. However, after a 2-hr treatment with bleomycin, we found only 4.4% of gH2A.X and 13.8% of gH2A.W.7 foci in chromocenters (legend continued on next page) ( Figures 4A, 4B, S4A, and S4B ). This suggested that pericentromeric heterochromatin is refractory to DDR. We extended the bleomycin treatment time to 4 and 8 hr and observed that in WT the total levels and proportion of gH2A.X chromocenterassociated foci remained very high and unchanged. This was in contrast to gH2A.W.7, where both total levels and proportion of chromocenter-associated foci increased significantly ( Figures  4B-4D and S4B) , confirming that heterochromatin hampers DDR. In h2a.x mutants, we observed the same dynamics of gH2A.W.7 foci as in WT (Figures 4B, 4D, and S4B) . Compared to WT, in the h2a.w.7 mutant the proportion of gH2A.X foci associated with chromocenters increased significantly ( Figure 4B ) without an increase in the total level of gH2A.X ( Figure 4D ). Together, these observations suggested that in response to DNA damage, H2A.W.7 is phosphorylated with slower dynamics than H2A.X. We did not observe changes in overall patterns of H2A.W.7 and H2A.X upon DNA damage induction ( Figure S4C ). Therefore, the high proportion of gH2A.W.7 foci outside of chromocenters cannot be explained by re-localization induced by DDR, but rather by the association of H2A.W.7 with short heterochromatic regions over chromosome arms ( Figure 3H ).
We measured the dynamics of gH2A.W.7 and gH2A.X in seedlings after bleomycin treatment. In WT, levels of gH2A.X decreased more rapidly during the first 6 hr of recovery compared with gH2A.W.7 ( Figure 4E ). Furthermore, after 24 hr of recovery, levels of gH2A.X decreased and reached levels observed in untreated samples, whereas a significant proportion of H2A.W.7 remained phosphorylated ( Figure 4E) . Thus, the predominant localization of gH2A.W.7 in heterochromatin and gH2A.X in euchromatin affects their dynamics of dephosphorylation and turnover in DDR. In the h2a.w.7 mutant, where we observed a significant increase of gH2A.X foci within the chromocenters ( Figure 4B ), gH2A.X levels decreased with slower dynamics than in WT ( Figure 4E ). In the h2a.x mutant, gH2A.W.7 levels decreased faster than in WT ( Figure 4E ). This could indicate that, in the absence of H2A.X, H2A.W.7 partially populates regions otherwise occupied by H2A.X.
Collectively, the data presented in Figure 4 show that the processes of DNA damage signaling and repair mediated by gH2A.W.7 are slower than those mediated by gH2A.X. This, together with the predominant heterochromatic and euchromatic genome-wide distributions of H2A.W.7 and H2A.X, respectively, strongly suggests that histone H2A.W.7 plays a major role in regulating the delayed response of heterochromatin to DNA damage signaling in Arabidopsis. In line with these observations, the formation of gH2A.W.7 foci is delayed in pericentromeric heterochromatin. It is possible that the slower dynamics of gH2A.W.7 de-phosphorylation during recovery after DDR keep these genomic regions in a conformation that inhibits illegitimate recombination, thereby preventing deleterious chromosomal rearrangements. Similarly, spatial and temporal uncoupling of DNA repair pathways in Drosophila and mammals were proposed to preserve genome integrity [2, 31, 32] .
Conclusions
Our study shows the functional conservation of H2A.X in Arabidopsis and confirms the importance of H2A.X phosphorylation in DDR [19-21, 25, 28] . Moreover, we present compelling evidence that ATM-dependent phosphorylation of the histone variant H2A.W.7 is also required for DDR. Our data suggest that these two histone variants function in parallel to protect genome integrity by acting primarily in separate chromatin domains, H2A.X in euchromatin and H2A.W.7 in heterochromatin.
Our work also addresses the evolutionary differentiation of H2A.X. The C-terminal tail of H2A.X variants, which bears the SQ phosphorylation site, is highly conserved from singlecellular green algae to flowering plants ( Figure S4D ) [17] , probably reflecting an ancient function in DDR. We show that acquisition of a phosphorylatable SQ motif in a member of the H2A.W family took place in various species of gymnosperms and angiosperms, suggesting repeated independent selection of variant similar to H2A.W.7 ( Figure S1A ). The substantial differences in heterochromatin organization between plant species [18] could explain the acquisition of H2A.W.7 in some species, but not others. A phosphorylatable SQ motif is present in histone variants outside the H2A.W.7 subgroup of seed plants, such as Drosophila H2A.V, which comprises features of H2A.Z and H2A.X [33, 34] , and in cenH3 variants in some nematodes [35, 36] . It has been proposed that these unique variants evolved in parallel to the acquisition of polytene and holocentric chromosomes, respectively [36] .
The C-terminal tail of H2A.W promotes chromatin fiber-to-fiber interaction [16] . It is thus possible that SQ phosphorylation in H2A.W.7 antagonizes chromatin condensation and, as part of DDR, improves accessibility to the machinery involved in response to DNA damage within heterochromatin. This step would explain the delayed dynamics of DDR in heterochromatin that is also observed in mammals [2, 8, 11, 37] . We see a parallel between the role of H2A.W.7 in DDR in Arabidopsis and the role of heterochromatic proteins HP1 and KAP1, which are phosphorylated by ATM to facilitate DSB repair in mammals. Therefore, it is conceivable that, in absence of the mammals-specific KAP1 pathway, plants evolved histone variants combining the properties of H2A.X and H2A.W, which facilitate heterochromatin accessibility during DDR.
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(E) Quantification of gH2A.W.7 and gH2A.X levels during recovery of DNA damage. Seedlings were treated for 2 hr with 20 mg/mL of bleomycin, and, after extensive washing, samples were collected at indicated time points and used for nuclei isolation. Western blots were probed with gH2A.X-and gH2A.W.7-specific antibodies, and band intensities were quantified with ImageDoc software (Bio-Rad) and normalized to the total levels of H2A.X and H2A.W.7. Data are represented as means ± SD of two independent experiments. For confocal images, scale bars represent 4 mm. See also Figure S4 .
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